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S p e c t r a l  a b s o r p t i o n  measurements of CO a t  1200 K were c a r r i e d  o u t  a t  
p r e s s u r e s  o f 0 . 5 , 1 ,  2 and 3 atmospheres and o p t i c a l  p a t h  l e n g t h s  of 5 , l O  
and 20 c e n t i m e t e r s .  The sapph i re  windows used a t  the  ends of t h e  a b s o r p t i o n  
test  p a t h  a r e  t r a n s p a r e n t  i n  the 0 .2  t o  7 p wave l e n g t h  r eg ion .  The d a t a  
ob ta ined  t h e r e f o r e  cover  t h e  fundamental  (4.67 p’) and t h e  f i r s t  ove r tone  
a b s o r p t i o n  bands.  S p e c t r a l  and i n t e g r a t e d  a b s o r p t i v i t e s  f o r  t h e  CO funda-  
menta l  band were e v a l u a t e d  from t h e s e  measurements and a r e  p r e s e n t e d  h e r e i n .  
R e s u l t s  f o r  t h e  f i r s t  ove r tone  a b s o r p t i o n  band a r e  p re sen ted  only  f o r  t h e  
20 c e n t i m e t e r  p a t h  l e n g t h  a t  p r e s s u r e s  of 1, 2 and 3 atmospheres .  A t  s h o r t e r  
p a t h  l e n g t h s  t h e  amount of abso rp t ion  was i n s u f f i c i e n t  t o  pe rmi t  a c c u r a t e  
computat ion of s p e c t r a l  a b s o r p t i v i t y .  
A l i t e r a t u r e  s e a r c h  of prev ious  exper imenta l  i n v e s t i g a t i o n s  p e r t a i n i n g  
t o  i n f r a r e d  a b s o r p t i o n  c h a r a c t e r i s t i c s  of GO and CO has  been completed.  A 
summary of e x i s t i n g  d a t a  i s  presented  i n  t a b u l a r  form. 
2 
1 
I NTRODUC TI ON 
Knowledge of t he  i n f r a r e d  r a d i a t i v e  p r o p e r t i e s  of r o c k e t  exhaus t  g a s e s  
is  requ i r ed  i n  many a p p l i c a t i o n s .  Examples i n c l u d e  t h e  p r e d i c t i o n  of 
r a d i a t i v e  h e a t i n g  t o  t h e  base  reg ions  of mul t i -engine  v e h i c l e s  and t h e  
long-range d e t e c t i o n  of b a l l i s t i c  missiles.  The magnitude and c h a r a c t e r i s t i c s  
of t h i s  i n f r a r e d  r a d i a t i o n  depends on the  f lame composi t ion and tempera ture .  
A n a l y t i c a l  s t u d i e s  of t h e  r a d i a t i v e  h e a t i n g  from r o c k e t  exhaus t  plumes 
i n d i c a t e d  t h e  need f o r  complete and a c c u r a t e  s p e c t r a l  a b s o r p t i o n  d a t a ,  
Although numerous i n v e s t i g a t i o n s  of CO and H 0 have been r epor t ed  r e c e n t l y ,  
t h e  r e s u l t s  a r e  f o r  a maximum temperature  of 2000 F or a r e  r e s t r i c t e d  t o  
a narrow wavelength r eg ion .  Furthermore,  e x i s t i n g  t h e o r i e s  for p r e d i c t i n g ,  
i n f r a r e d  r a d i a t i o n  from h igh  temperature  g a s e s  a r e  based on h igh ly  i d e a l i z e d  
p h y s i c a l  models. The v a l i d i t y  and a p p l i c a b i l i t y  of t he ,  r e s u l t s  p r e d i c t e d  
from these  t h e o r i e s  r e q u i r e  experimental  conf i rmat ion .  
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The o b j e c t i v e  of t he  p re sen t  s tudy  i s  t o  o b t a i n  t h e  s p e c t r a l  c h a r a c t e r -  
i s t ics  of a number of common cnmbustion p roduc t s  under  a v a r i e t y  of a c c u r a t e l y  
known thermodynamics and o p t i c a l  c o n d i t i o n s .  Cons ide ra t ions  l ead ing  t o  t h e  
des ign  and f a b r i c a t i o n  of an exper imenta l  appa ra tus  f o r  t h i s  purpose a r e  
g iven  i n  r e f e r e n c e  1. This  equipment c o n s i s t s  of a g r a p h i t e  r e s i s t a n c e  
f u r n a c e  w i t h  an i n e r t  ceramic tube l i n e r  f o r  t he  containment of high-temp- 
e r a t u r e  g a s e s ,  and an o p t i c a l  sys t em f o r  d e t e c t i o n  of t h e  i n f r a r e d  a b s o r p t i o n .  
The tes t  o p t i c a l  p a t h  i s  l imi t ed  t o  the  c e n t r a l  zone of t he  fu rnace  by the  
use of window h o l d e r s  a t  each end. Hot-pressed z i n c  s e l e n i d e  windows were 
o r i g i n a l l y  employed because t h i s  m a t e r i a l  is  t r a n s p a r e n t  i n  t h e  1-20 p 
2 
wavelength r eg ion  and i n e r t  t o  H 0 ,  CO 
I n  o r d e r  t o  keep t h e s e  windows below t h i s  l i m i t  i t  was necessary  t o  w a t e r  
cool t h e  h o l d e r s  i n  which they were mounted. 
and CO up t o  a temperature  of 540 OF. 
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Data f o r  the  fundamental  band of CO a t  t empera tures  of 300° K and 1800 K 
and a t  p r e s s u r e s  from 0.25 t o  3.0 atmospheres ob ta ined  w i t h  t h i s  s y s t e m  were 
r e p o r t e d  i n  r e f e r e n c e  1. Although agreement wi th  e x i s t i n g  r e s u l t s  w a s  wi th-  
i n  15 p e r c e n t ,  t h e  s u b s t a n t i a l  temperature  v a r i a t i o n  a long  t h e  test o p t i c a l  
p a t h  caused by t h e  water-cool ing of t h e  windows made t h e  comparison open t o  
some q u e s t i o n .  Because of t h i s  t h e  water-cooled window h o l d e r s  were r ep laced  
w i t h  alumina tubes  and sapph i re  used for t h e  windows i n  p l a c e  of z i n c  
s e l e n i d e .  
S p e c t r a l  a b s o r p t i o n  measurements of CO were made w i t h  t h e s e  mod i f i ca t ions .  
The p r e s s u r e  w a s  v a r i e d  from 0 .5  t o  3 atmospheres and t h e  o p t i c a l  p a t h  l e n g t h  
from 5 t o  20 c e n t i m e t e r s .  S p e c t r a l  and t o t a l  band a b s o r p t i v i t i e s  determined 
from t h e s e  measurements a r e  presented  i n  t h i s  r e p o r t .  
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SPECTRAL ABSORPTION CURVES FOR CO AT 1200° K 
A d e t a i l e d  d e s c r i p t i o n  of  the i n f r a r e d  s p e c t r a l  a b s o r p t i o n  system con- 
s t r u c t e d  f o r  t h i s  i n v e s t i g a t i o n  i s  g iven  i n  r e f e r e n c e  1. The tempera ture  
v a r i a t i o n  through t h e  o p t i c a l  t e s t  p a t h  has  been s u b s t a n t i a l l y  reduced by 
r e p l a c i n g  t h e  water-cooled window h o l d e r s  w i t h  alumina tubes  and u s i n g  
s a p p h i r e  f o r  t h e  windows i n  p l ace  of z i n c  s e l e n i d e .  The d e v i a t i o n  from t h e  
maximum c e n t e r  tempera ture  is reduced t o  w i t h i n  80 K when t h e  c e n t e r  
tempera ture  i s  1200 K ( s e e  F i g .  2 of r e f e r e n c e  2 ) .  
0 
0 
Since  t h e r e  i s  some over lapping  of t h e  CO and t h e  4.3 CO fundamental  2 
bands ,  i t  is  e s s e n t i a l  t h a t  no CO i s  p r e s e n t  when making CO s p e c t r a l  
measurements. S p e c i a l  c a r e  was t h e r e f o r e  taken  t o  remove any CO t h a t  
might  be i n  t h e  CO supply  used.  I n  s p i t e  of t h i s ,  i n i t i a l  r e s u l t s  i n d i c a t e d  
t h e  presence  of CO This  sou rce  of t h i s C O  w a s  t r a c e d  t o  t h e  oxygen 
absorbed by t h e  alumina tube window h o l d e r s .  A t  t h e  h igh  tempera tures  
involved  i n  t h i s  experiment  the  absorbed 0 can combine wi th  t h e  CO t o  
produce s i g n i f i c a n t  amounts of CO I t  was found t h a t  t h i s  could be 2 '  
e l i m i n a t e d  by p rov id ing  f o r  a very sma l l  cont inuous  f low of CO through 
t h e  tes t  ce l l .  A check of t h e  s p e c t r a l  d a t a  i n  r eg ions  where t h e r e  i s  no 
ove r l app ing  of CO and CO bands showed t h a t  t h e  tempera ture  d i s t r i b u t i o n  
was n o t  a f f e c t e d .  
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To i n v e s t i g a t e  the  f u n c t i o n a l  dependance of t h e  s p e c t r a l  and t o t a l  
band a b s o r p t i o n  on p r e s s u r e  and o p t i c a l  d e p t h ,  t h r e e  p a t h  l e n g t h s  of 5 ,  10, 
and 20 c m  were selected.  The d e t e c t i o n  of an a p p r e c i a b l e  amount of 
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abso rp t ion  a t  t h e  lowes t  pressure  d i c t a t e d  t h e  minimum p a t h  l e n g t h ,  t h e  
maximum w a s  determined by t h e  furnace  l e n g t h .  D a t a  w a s  ob ta ined  by 
s e t t i n g  t h e  p a t h  l e n g t h  and then r eco rd ing  the  a b s o r p t i o n  s p e c t r a  a t  
p r e s s u r e s  of 0 . 5 ,  1, 2 and 3 atmospheres.  
The recorded s p e c t r a  were analyzed a s  desc r ibed  i n  r e f e r e n c e  1, page 
19.  S p e c t r a l  a b s o r p t i v i t i e s  were c a l c u l a t e d  f o r  a series of wave numbers. 
They w e r e  p l o t t e d  a s  a f m c t i o n  of wave number. The r e s u l t i n g  s p e c t r a l  
a b s o r p t i o n  p r o f i l e s  f o r  t h e  CO fundamental  band a r e  shown i n  F i g s .  1, 2 and 
3. 
A n a l y t i c a l  s t u d i e s  p r e d i c t  t h a t  t h e  most e f f e c t i v e  abso rp t ion  band f o r  
CO is  a t  4 .67 p, which corresponds t o  a v i b r a t i o n a l  q u a n t i t i v e  number 
change from 0 t o  1. Although the re  a r e  many o t h e r  p o s s i b l e  changes,  t h e  
only o t h e r  impor tan t  one i s  from 0 t o  2 which corresponds t o  a wave l e n g t h  
of 2 .35  p. This  band i s  much weaker than t h e  4 .67  p band. Consequently 
i t s  presence  can be d e t e c t e d  only a t  comparat ively long  p a t h  l e n g t h s  and 
h igh  p r e s s u r e s .  
During t h e  p r e s e n t  tests the s i g n a l  from t h e  monochrometer w a s  
ampl i f i ed  a s  much a s  p o s s i b l e  ( i . e . ,  such  t h a t  f l u c t u a t i o n s  due t o  n o i s e  
were less than  3% of t h e  f u l l  s c a l e  r ead ing ) .  A s  a r e s u l t  t h e r e  was  a 
n o t i c a b l e  a b s o r p t i o n  e f f e c t  i n  t h e  2 .35  p reg ion  f o r  bo th  the  10 and 20 
cen t ime te r  p a t h  l e n g t h  runs  f o r  p r e s s u r e s  of 1, 2 and 3 atmospheres.  
S p e c t r a l  band a b s o r p t i v i t i e s  f o r  t h e  20 cen t ime te r  p a t h  l e n g t h  a r e  shown 
i n  F i g .  4 .  A s  can be noted the maximum value  i s  of t h e  o r d e r  of 0 . 1 .  I n  
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t h e  c a s e  of t h e  10 c e n t i m e t e r  pa th  l e n g t h  t h e  a b s o r p t i o n  i s  reduced by 
about  one h a l f .  Because of  t h i s  i t  was n o t  p o s s i b l e  t o  o b t a i n  a c c u r a t e  
va lues  for s p e c t r a l  a b s o r p t i v i t i e s  from t h e  expe r imen ta l  d a t a .  
The i n t e g r a t e d  band a b s o r p t i v i t y  i s  de f ined  by 
A .  = A dw 
1 W 
band 
I t  i s  thus  equal  t o  t h e  a r e a  under t h e  s p e c t r a l  a b s o r p t i v i t y  curve .  The 
i n t e g r a t e d  band a b s o r p t i v i t i e s  of CO fundamental  and f i r s t  ove r tone  a s  
f u n c t i o n s  of p r e s s u r e  and p a t h  l e n g t h  a r e  summarized i n  Tables  I-a and 
I -b r e s p e c t i v e l y  . 
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SUMMARY OF EXISTING EXPERIMENTAL DATA FOR 
THE INFRARED RADIATIVE PROPERTIES OF CO AND C02 
During the past few years, numerous experimental investigations have been 
reported in the literature for the gaseous radiative properties in the infra- 
red range. It is intended here to summarize in a systematic way the range of 
thermodynamic and optical conditions, the spectral range, and the technique 
employed in obtaining and interpreting existing experimental data for CO and 
C02. 
and will be reported later. These summaries will help not only to check the 
consistency of data from various sources under the same experimental conditions 
Similar summaries for other common radiating gases are being constructed 
but also to indicate where additional measurements are needed. 
The experimental data are summarized in Tables 2 to 5 .  The general type 
of apparatus employed by each investigator is listed first along with the 
technique employed f o r  obtaining the desired optical conditions and inter- 
preting the experimental results. Thermodynamic conditions include tempera- 
ture, total pressure, and normalized optical depth which is equal to optical 
depth (partial pressure x path length) divided by total pressure in units of 
cm atm/atm = cm. The classifications given under the he,ading, Optical 
Region, are based on theoretical considerations. 
Infrared Radiation Data of CO 
Infrared radiation data for co at room temperature are available for 
almost all conditions of importance. Remarkable consistency is indicated 
between Penner and Weber's data and Burch and Williams' data f o r  integrated 
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i n t e n s i t y .  Those d a t a  by Burch and Wil l iams have been c o r r e l a t e d  success-  
f u l l y  by Oppenheim and Ben-Aryeh (JQSRT - 4 ,  559,  1964) u s i n g  t h e  E l s a s s e r  
model. In  t h e  s t rong- l ine-approximat ion  r e g i o n  t h e  e f f e c t  of f o r e i g n  gas  
broadening has  been i n v e s t i g a t e d  by Burch, S i n g l e t o n  and Wil l iams (Appl.  
Opt .  1, 359,  1962).  Hence e m i s s i v i t i e s  f o r  any thermodynamic c o n d i t i o n s  
encountered  i n  eng inee r ing  systems can be ob ta ined  from t h e s e  t w o  s o u r c e s .  
- 
For CO a t  h igh  tempera ture ,  however, exper imenta l  d a t a  a r e  very  l i m i t e d .  
A l s o  important  i s  t h e  f a c t  t h a t  none of t h e  measurements a v a i l a b l e  a r e  i n  t h e  
weak r eg ion  or d e f i n i t e l y  i n  the  s t r o n g  r eg ion .  The e f f e c t  of f o r e i g n  g a s  
broadening a t  h igh  tempera ture  h a s  never  been i n v e s t i g a t e d  e i t h e r .  T h e r e f o r e  
measurements i n  bo th  t h e  weak and t h e  s t r o n g  r e g i o n s  a t  v a r i o u s  tempera tures  
should  be made. 
I n f r a r e d  Rad ia t ion  Data of C02 
Extens ive  d a t a  a l s o  e x i s t  f o r  C02 a t  room t empera tu re .  For  t h e  t h r e e  
most important  band r e g i o n s ,  t he  i n t e g r a t e d  i n t e n s i t i e s  f o r  2 . 7 ~  and 
4 . 3 ~  g iven  by Eggers and Crawford and t h e  i n t e g r a t e d  i n t e n s i t y  f o r  151.1 
g iven  by Kaplan and Eggers a r e  be l i eved  t o  be a c c u r a t e .  I n  t h e  s t r o n g  r e g i o n  
Howard's d a t a  i n  0 . 3  t o  713 reg ion  have been c o r r e l a t e d  by Larmore and 
Passman (see p .  58, I n f r a r e d  Radia t ion  by H .  L .  Hackfor th ,  McGraw-Hill, 1960) 
u s i n g  t h e  E l s a s s e r  band model. 
A t  h igh  t empera tu res  exper imenta l  v a l u e s  of t h e  i n t e g r a t e d  i n t e n s i t i e s  
f o r  t h e  2.71.1 r eg ion  a r e  i n  good agreement w i t h  t h e o r e t i c a l  r e s u l t s .  More 
measurements i n  t h e  s t r o n g  r eg ion ,  however, a r e  needed. 
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For the 4.3p region experimental values f o r  the integrated intensities 
are believed to be accurate only f o r  those data taken above 2000' K. Further 
experimental work in the strong region and comparison of result with existing 
theory are desirable. 
Edwards' data are the only existing data f o r  15p region at high 
temperature. 
f 
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PROJECT SCHEDULE 
E f f o r t s  t o  c o r r e l a t e  and compare t h e  d a t a  ob ta ined  on CO to  p r e s e n t  
theory  have been i n i t i a t e d ,  and w i l l  be  cont inued  d u r i n g  the  coming q u a r t e r .  
Concurren t  w i t h  t h i s  a n a l y t i c a l  s tudy  m o d i f i c a t i o n  of t h e  alumina window 
h o l d e r s  and f u r t h e r  t e s t i n g  i s  planned.  The g l a s s  f r i t  b raze  used to  hold  
t h e  s a p p h i r e  windows i n  t h e  alumina tubes  h a s  n o t  proved s a t i s f a c t o r y .  Leaks 
have developed du r ing  o p e r a t i o n  a t  1200 to  1500 K. A des ign  i n c o r p o r a t i n g  a 
p la t inum w i r e  g a s k e t  has  been conceived and w i l l  be  developed. 
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